Abstract. The present study evaluated the effect of hypoxia on the expression of progranulin in HT22 mouse hippocampal cells. To investigate progranulin (PGRN) and the alterations in its expression following hypoxia, the HT22 cells were treated with various concentrations of sodium hydrosulfite (Na 2 S 2 O 4 ; 1-20 mM) for a fixed time (6 h) or with a fixed concentration (5 mM) for different lengths of time (2-10 h). The expression of PGRN in the HT22 cells following hypoxia was analyzed by an immunocytochemistry assay and western blot analysis. The data revealed that the HT22 cells were capable of expressing PGRN. Double labeling results revealed that PGRN was able to co-localize with the neuronal markers, βIII-tubulin and doublecortin. Western blot analyses indicated that hypoxia was able to decrease the PGRN levels in a concentration-dependent manner at 6 h, although there was a marginal increase within a shorter period. The results of this study revealed that hypoxic injury is capable of significantly affecting the expression of PGRN, thereby it may provide novel insights with regard to the role of PGRN in ischemic brain injury.
Introduction
Progranulin (PGRN), also known as proepithelin, acrogranin or prostate cancer cell-derived growth factor, is a growth modulating factor that has gained attention in the research of the cell cycle, wound repair, tumorigenesis, inflammation, neurodevelopment and more recently, in psychosis and neurodegeneration (1) (2) (3) . PGRN is also capable of functioning as a neurotrophic factor, and its mutations in the PGRN gene are amongst the most common causes of familial frontotemporal lobar degeneration with TDP-43-positive inclusions (4, 5) . The null and missense mutations in PGRN have also been observed in patients with clinically diagnosed Alzheimer's disease (6,7), but have no major role in the genetic etiology of Parkinson's disease (8) . Previous animal experiments demonstrated that PGRN was upregulated following experimental spinal cord injury and downregulated following traumatic brain injury (9, 10) . However, few studies have examined the involvement of PGRN in cerebral ischemia (11) (12) (13) .
The expression and functions of PGRN in the central nervous system are complicated. In the embryonic brain, PGRN is widely expressed and is involved in the sexual differentiation of the brain (14) . In the adult brain, PGRN expression is restricted to microglia and specific neuronal populations, including pyramidal neurons in the neocortex and hippocampus, and Purkinje cells in the cerebellum (15) . PGRN has been indicated to function in regulating neurite outgrowth and enhancing neuronal survival, indicating that it has neurotrophic activity (16) . Hypoxia increases progranulin expression in fibroblast cultures and neuroblastoma cell lines (9, 17) . Little is known about how hypoxia affects PGRN expression in neuronal cell lines. In the present study, the expression pattern of PGRN was examined and the alterations in PGRN expression were investigated in HT22 mouse hippocampal cells in hypoxic conditions. Induction of a hypoxia model. A hypoxia model was prepared as previously described (18) . Hypoxia was induced in the HT22 cells by incubation with Na 2 S 2 O 4 , which is able to instantly lower the partial pressure of oxygen (PaO 2 ) of the solutions (19) . Briefly, the cells were rinsed twice with phosphate-buffered saline (PBS) solution and treated with various concentrations of Na 2 S 2 O 4 (1, 2, 5, 10 or 20 mM) for a fixed time (6 h) or for different lengths of time (2, 4, 6, 8 or 10 h) at a fixed concentration (5 mM) in DMEM medium. Since Na 2 S 2 O 4 solutions are acidic, the pH was adjusted to 7.4 prior to the experiment by adding extra NaOH, as described previously (20, 21) . The control cells were maintained in normal DMEM. The cell viability was measured by optical microscopy (Leica DMI4000B, Leica, Wetzlar Germany) and a cell counting kit-8 (CCK-8; Beyotime Institute of Biotechnology, Haimen, China) according to the manufacturer's instructions. Briefly, the cells were plated onto a 96-well plate (5x10 3 cells/ well) and were grown for 24 h at 37˚C prior to being subjected to different treatments. Following the treatments, CCK-8 solution (10 µl) was added to each well of the plate. Following incubation for 1 h at 37˚C in the dark, the optical density was measured at 450 nm using an absorbance microplate reader (BioTek Instruments, Inc., Winooski, VT, USA). The percentage viability was calculated with viability in the untreated control cells considered as 100%.
Effects of hypoxia on
Immunocytochemistry assay. The HT22 cells were seeded on poly-L-lysine and laminin pre-treated glass coverslips at a density of 1x10 5 /well. Following differentiation and treatment, the cells were first washed three times with PBS and fixed in 4% paraformaldehyde solution [4% paraformaldehyde, 0.1 mmol/l CaCl 2 and 0.1 mmol/l MgCl 2 (pH 7.4) in PBS] for 20 min at room temperature. The cells were then washed three times with PBS, permeabilized in 0.3% Triton X-100 (Beyotime Institute of Biotechnology)/PBS for 5 min and washed again three times with PBS. Next, the cells were blocked for 1 h at room temperature using 10% normal goat serum to reduce non-specific binding. The cells were then incubated with different primary antibodies (PGRN, 1:800; βIII-tubulin, 1:1,000; NeuN, 1:1000; and Dcx, 1:1,000) in PBS at 4˚C overnight. Following sufficient washing, the cells were incubated with the appropriate fluorescence-conjugated secondary antibodies for 1 h at 37˚C. Finally, the nuclei were stained with Hoechst 33342, and the coverslips were mounted on slides with FluorSave Reagent (Beyotime Institute of Biotechnology). The morphologies were captured under a fluorescence microscope (BX51; Olympus, Tokyo, Japan).
Western blot analysis. Western blotting was used to semi-quantitatively detect the expression of PGRN following hypoxia treatment as aforementioned. The expression of β-actin was considered as an internal control. For the western blot analysis, the HT22 cells were seeded onto 60-mm dishes at a density of 2x10 5 cells/dish. The following day, the cells were treated with Na 2 S 2 O 4 at different concentrations and time intervals. Following the treatment, the cells were rinsed three times with PBS, lysed with radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology) and incubated on ice for 30 min. The lysates were then centrifuged at 12,000 x g for 20 min at 4˚C and the supernatant extracts were quantified for the total protein using a Bicinchoninic Acid Protein Assay kit (Beyotime Institute of Biotechnology) with bovine serum albumin as the standard. Aliquots from each protein lysate sample were separated in 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to a poly-vinylidene fluoride membrane (Millipore, Schwalbach, Germany). The membrane was blocked with blocking buffer [Tris-buffered saline (TBS) and 5% skimmed milk] for 1 h at room temperature and incubated overnight in the presence of the primary antibodies against PGRN (1:8,000) and β-actin (1:10,000), at 4˚C. The membrane was washed three times with TBS containing 0.05% Tween 20 (TBST) and subsequently reacted with the corresponding secondary antibody for 1 h at room temperature. Following thorough washing with TBST, the immunoreactive bands were developed using enhanced chemiluminescence detection reagents (Millipore). The optical density of the bands on the films was analyzed using imaging software (ImageQuant Las4000; GE Healthcare, Pittsburgh, PA, USA).
Statistical analysis.
The results are expressed as the mean ± standard error of the mean from at least three independent experiments. A statistical evaluation was performed with a one-way analysis of variance followed by Duncan's multiple range test, which was used to compare the control and treated groups. P<0.05 was used to indicate a statistically significant difference.
Results
Reproduction of the hypoxia model. As shown in Fig. 1 , there was a notable decrease in the cell number and many cells lost neurites. Following exposure to Na 2 S 2 O 4 , the majority of the cells exhibited a round shape and a few were lysed or replaced by cell debris. Following incubation of the cells with Na 2 S 2 O 4 , the cell viability was determined by CCK-8. The results revealed that the cell activity following hypoxia treatment was much lower than that of the untreated cells at all the concentrations and time-points, and the cell viability was decreased in a statistically significant dose-and time-dependent manner following hypoxia compared with the control group ( Fig. 1C and D) . The results also indicated that the aforementioned methods may be used for the successful reproduction of a hypoxia model.
Immunocytochemistry assay results.
The immunocytochemical experiments demonstrated that the HT22 cells and hypoxia-treated HT22 cells were capable of expressing PGRN (Figs. 2 and 3) ; the present data revealed that the HT22 cells had high levels of PGRN in the cytoplasm and the neurites, particularly around the nuclear periphery. Double labeling results revealed that PGRN was able to co-localize with neuronal markers, βIII-tubulin and Dcx (Fig. 2) .
Western blot analysis. The expression of PGRN was determined by western blot analysis ( Fig. 4A and B) . Western blot analysis revealed that a low concentration (1 mM) for a long time (6 h) and a high concentration (5 mM) for a short time (2 h) had no effect on the PGRN levels, whereas higher concentrations (2-20 mM) of Na 2 S 2 O 4 were capable of decreasing the expression of PGRN in a concentration-dependent manner at 6 h of incubation (P<0.05). PGRN expression was markedly increased following exposure to 5 mM Na 2 S 2 O 4 for 4 h (P<0.05), but at the same concentration of Na 2 S 2 O 4 the expression of PGRN was decreased in a time-dependent manner during 6-10 h of incubation (P<0.05) (Fig. 4C and D) .
Discussion
Stroke is a major cause of mortality from cerebral ischemia. Cerebral ischemia leads to severe neuronal cell damage and induces disruption of neuronal function. Hypoxia may be used as a representative cell model of cerebral ischemic injury by inducing a number of spatially and temporally regulated intracellular responses, ranging from reduced channel activity to altered gene expression (22, 23) . To evaluate a possible role for PGRN in neurodegeneration, the changes in PGRN expression were investigated in the present study following exposure to hypoxic stimuli in vitro. The study demonstrated that PGRN was abundantly expressed in HT22 mouse hippocampal cells. In our present study, the changes of PGRN expression after hypoxia were first evaluated.
The present study demonstrated that the cell survival rate was decreased significantly and that the majority of the cells lost neurites following treatment with Na 2 S 2 O 4 compared with the control. Different concentrations (1-20 mM) of Na 2 S 2 O 4 used for incubation for 6 h and 5 mM Na 2 S 2 O 4 used for different lengths of time (2-10 h) significantly affected cell viability, indicating that Na 2 S 2 O 4 had remarkable toxicity on the HT22 cells. It has been reported that PGRN is a neurotropic factor that is able to regulate neurite outgrowth and enhance neuronal survival (16) . Therefore, the loss of neuritis in HT22 cells may be associated with the low expression of PGRN.
PGRN is expressed in the placenta, epidermis, microvasculature and brain during murine development (24) . In the central nervous system, PGRN may be expressed in neurons and microglia, but not in astrocytes and oligodendrocytes. PGRN expression in neurons increases with cell maturation, whereas expression in microglia depends on the cells' state of activation, being specifically upregulated in microglia in response to exci- totoxic injury (25) . However, upregulation of PGRN is a marker of the microglial response that occurs with progression in motor neuron diseases (26) . The roles of microglial and neuronal progranulin in neurological disease require addressing. The present study characterized PGRN in the widely used HT22 hippocampal neuronal cell line, a sub-line derived from parent HT4 cells that were originally immortalized from a primary mouse hippocampal neuronal culture (27) . An immunochemical characterization of the HT22 cells revealed that the cells became positively stained with essential neuron markers, including βIII-tubulin and Dcx. The data from the present study also indicated that PGRN was mainly expressed within the cell bodies and in the axons of the HT22 cells. Previous studies have demonstrated that PGRN is expressed in motor neurons, neuroblastoma cell lines and fibroblasts (9, 17, 28) . Certain studies demonstrated that extracellular PGRN may protect cortical neurons from toxic insults induced by glutamate excitotoxicity and oxidative stress (29) . Therefore, the PGRN protein may be used therapeutically in the field of neurodegenerative diseases.
Cells of different origins express PGRN in different ways (28) . Previous studies have demonstrated that hypoxia (1% oxygen) and acidosis may increase PGRN expression in fibroblasts (17) . Hypoxia also induces the upregulation of progranulin in neuroblastoma cell lines (SK-N-BE, SK-N-SH and SH-SY5Y), however PGRN is not altered following hydroperoxide-induced oxidative stress (23) . Previous studies have indicated that PGRN acts as an endogenous neuroprotectant with anti-apoptotic and anti-inflammatory properties in focal cerebral ischemic mice (30) . PGRN expression is upregulated following spinal contusion in mice (9), but traumatic brain injury may increase the risk of frontotemporal dementia through reduced PGRN (31) . To clarify the role of PGRN in neurodegeneration, the modulation of PGRN expression was evaluated in the present study following exposure to hypoxia induced by incubation with Na 2 S 2 O 4 . The results of the western blot analysis demonstrated that PGRN expression was upregulated within 4 h of exposure to 5 mM Na 2 S 2 O 4 , which indicated that within a short Na 2 S 2 O 4 incubation time, PGRN expression was induced. We hypothesize that PGRN is part of a neuronal stress response to apoptosis that occurs within a short time period. The results also demonstrated that PGRN expression was markedly downregulated in a time-dependent manner during 6-10 h of incubation, which indicated that with the length of treated time Na 2 S 2 O 4 inhibited PGRN expression. In addition, higher concentrations of Na 2 S 2 O 4 (2-20 mM) were able to significantly downregulate PGRN expression in a concentration-dependent manner following 6 h of incubation, indicating that downregulated PGRN expression may be correlated with a lower cell viability. The changes in PGRN expression induced by hypoxia may depend on the duration and severity of hypoxia, therefore the PGRN expression pattern may be associated with different cell types and their environmental stimuli, including hypoxia and oxidative stress.
In conclusion, the results of the present study demonstrated that PGRN is abundantly expressed in HT22 cells. The data indicated that hypoxia may induce cell death by exposure to Na 2 S 2 O 4 in HT22 cells. The effects of hypoxia on PGRN expression in the HT22 cells were also described for the first time. This study presented a link between PGRN and hypoxic injury. However, the potential mechanisms of PGRN in ischemic brain injury should be investigated further.
Hypoxic injury may significantly affect the expression of PGRN, thereby providing novel insights with regard to the role of PGRN in ischemic brain injury. 
